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Abstract

Poly-L-aspartic acid (PLAsp) and poly-glutamic acid (PLGIlu) were individually immobilized onto controlled pore glass (CPG) and
compared according to their metal-binding capabilities in a solution of pH 7.0. The metal-binding capacities were calculated through the
analysis of breakthrough curves generated by monitoring the metal concentrations on a flow injection—flame atomic absorption system.
Capacities for individual metals were comparable and in the order &f SuP?+ > Ni?t ~ Cd** > C?* > Mn?t >» Na'. Elemental
combustion analysis yielded polymer coverage on the CPG of approximately0# to 5 x 10'?chains/cm, when average chain lengths
were used in the calculations. Formation constants and site capacities of both polymers fare@sdetermined through equilibrium and
breakthrough studies. The maximum kgalues for the strong sites were determined to-8 for both PLAsp and for PLGlu. Additionally,
the metal selectivity of PLAsp and PLGIu was evaluated when breakthrough curves were run with several metals present in solution at one
time. Both polymers showed selectivities in the order of their single metal-binding capacities,i'e> P+ > Ni>+ ~ Ccf+. Both polymers
exhibited similar binding trends and binding strengths for all of the metals studied. This likely reflects the absence of a predetermined tertiary
structure of the polymers on the surface and the relatively high residue-per-metat2@id ), which places less stringent requirements on
the steric hindrance between the side chains and the resultant “wrapping” of the peptide around the metal.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In previous studies, various polyamino acid chains
have been immobilized onto controlled pore glass (CPG)
Recently, a significant amount of work has focused on the [1,3,5,7,11,12]gold minigrids[4], porous carboifiL0], and
development of novel systems for remediation and precon-poth silica- and cellulose-based membraf&$,8,9] and
centration of heavy metals from contaminated waste streamstheir metal-binding abilities were characterized. In all in-

An interesting focus in this development has been the usestances the immobilized polyamino acid chains were proven
of short chain, amino acid homopolymers immobilized onto tg pe effective metal chelators.
a solid suppor{1-10}. By using amino acids as building Studies involving immobilized poly-cysteine (PLCys),
blocks, with their various side chains, a variety of function- with its thiol side chain functionality, demonstrated its pref-
alities are available for coordination to metal ions. Through erence for soft acid metals such as2Cdcand PB+ over
proper utilization of these various functionalities and the metals such as G and NF+ [1,3,8,10] In contrast to
flexibility afforded by a surface-anchored linear polymer, the pLCys, immobilized poly:-aspartic acid (PLAsp}4—7,9]
newly developed chelators can exhibit specificity and strong and polyx.-glutamic acid (PLGIu)2,6,8,9]with carboxylate
binding, highly desired characteristics in metal remediation. side chains, showed significant €uand PB* capacity. It
Additionally, the polypeptide has the inherent benefit of be- has also been shown that palyhistidine (PLHis), with its
ing non-toxic when discarded. imidazole side chain, is capable of binding metal cations at
neutral pH values and metal oxyanions (e.g., the chromates,
* Corresponding author. Tek:1 512 4715140; fax:+1 512 4710985, arsenates, and selenites) at acidic pH values, where the im-
E-mail address: holcombe@mail.utexas.edu (J.A. Holcombe). idazole is protonatefl2]. The general binding trends in all
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Poly-L-Aspartic Acid Poly-L-Glutamic Acid 2.2. Reagents
(PLAsp) (PLGlu)
H—aN—cH—col—om H_;\I_CF_(;_OH AII _chempal_s were reagent grade unless noted;_and
| deionized, distilled water was used to prepare solutions.
(fHZ (fHﬁ All glasswares were soaked in 4 M HN@vernight before
?=o CH, use. Polye-aspartic acid (Sigma) [DP(vis) 80, MW(vis)
o n = 53-80 (l:= o 11,000] and poly:=-glutamic acid (Sigma) [DP(vis) 72,
| n=238-72 MW(vis) 10,900] were used as received. The controlled
L O _|

pore glass (Sigma, PG240-120) had a mean pore diameter of
22.6 nm and a mesh size of 80—-120. Other reagents included
3-aminopropyltriethoxysilane (98%), nitric acid (Aldrich);
r;f\cetic acid (Fisher Scientific); ammonium acetate, am-
monium hydroxide (Mallinckrodt); gluteraldehyde (25%)
(Sigma); and ethylenediaminetetraacetic acid (EDTA) (EM
Science). Stock solutions of €d (Inorganic Ventures);
Cu?t and PB* (SCP Science) atomic absorption standards
were used to prepare the 10 ppm loading solutions for the
metal-binding experiments. For €0, Na*, Ni®* (Baker),
Mn2t (Matheson, Coleman & Bell) the loading solutions
were prepared from standardized solutions of the reagent
grade nitrate salt. A 0.5 M ammonium acetate stock solution
was prepared and purified using a 100-200 mesh Chelex
100 (Bio-Rad) ion exchange column.

Fig. 1. Structures of poly-aspartic acid and poly-glutamic acid.

of the above cases follow expected general trends based o
the available cationic or anionic functionalities on the pep-
tide.

However, it is not obvious whether more subtle changes
impact metal chelation. In this paper, PLAsp and PLGlu
(Fig. 1) were evaluated. The primary difference between the
two amino acids is the added methylene group in the side
chain of glutamic acid. The purpose of this study was to
compare and evaluate the metal-binding characteristics of
PLAsp and PLGIu immobilized onto CPG in an attempt to
determine if this slight difference in the two metal-binding
functional side chains has an effect on the binding strengths
(e.g., formation constants) or on the number of metals bind-

ing to these polymers. 2.3. Immobilization of PLAsp and PLGlu onto CPG

The preparation of the PLAsp-CPG and the PLGIu-CPG
followed the procedure that has previously been described in
the immobilization of PLHig12]. The process was modified
slightly by attaching the polyamino acid in a solution of pH
8.0. This elevated pH should enhance the efficiency of this

A Perkin-Elmer model 4000 flame atomic absorption linkage.

(FAA) spectrophotometer with an acetylene/air flame was Elemental combustion analysis for carbon was conducted
used for all metal determinations. Hollow cathode lamps for by MHW Labs (Phoenix, AZ, USA), in duplicate on the
the metals of interest were operated at the currents recom-<functionalized glass at various stages of the immaobilization
mended by their manufacturers. Wavelengths for Cd, Co, to estimate the surface coverage of the polymers on the glass.
Cu, Mn, Na, Ni, and Pb were 228.8, 240.7, 324.8, 279.5,

589.0, 232.0, and 283.3 nm, respectively. A monochromator 2.4. Metal-binding characteristics of PLAsp-CPG and
bandpass of 0.2nm was used for Co, Mn, and Ni; 0.4 nm PLGIu-CPG

for Na; and 0.7 nm for Cd, Cu, and Pb.

A simple flow injection manifold consisting of an 8-roller The previously described flow injection analysis system
peristaltic pump (Ismatec minicartridge MS-REGLO) and was utilized in all metal-binding experiments. The pumps,
two 2-way, double inlet rotary valves (Rheodyne 5020) was tubing, hollow cathode lamp, and flame were warmed up for
used. All connections were made with 0.76 mm i.d. PTFE at least 15 min prior to use. After conditioning the column,

2. Experimental

2.1. Instrumentation

tubing[5].
Approximately 0.1 g of immobilized PLAsp-CPG and im-

unretained, acidified (pH 1.0) metal standards were run
through the column and FAA system. The absorbance values

mobilized PLGIu-CPG were each packed into two separate were used to prepare calibration curves.

3mm i.d. x 25mm long glass columns with 70mm PTFE
frits (Omnifit). The empty bed volume of the column, packed
with controlled pore glass is approximately 0.085mL. A

Upon completion of the calibration curves, a 0.05 M am-
monium acetate solution (pH 7.0) was pumped through the
column for 2min at 1 mL/min to recondition the column to

Kel-F tee was placed between the column and the nebulizerthe neutral pH and solution conditions. The metal-binding

to provide air compensation and to minimize noise.
A Varian Ultramass inductively coupled argon-plasma

solutions were prepared by dilution from the metal standards
into 0.05 M ammonium acetate, diluted from the stock, and

mass spectrometry (ICP-MS) system was used for analy-adjusted to pH 7.0 by dropwise addition of acetic acid or am-
sis of breakthrough curves in the determination of selected monium hydroxide. The 10 ppm ammonium acetate—metal
conditional formation constants. solution was then introduced onto the column at a flow rate
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of 1 mL/min and the effluent concentration was detected by tion in solution, the formation constant of the metal—peptide
FAA to ultimately produce a breakthrough curve. Once the complex and the number of sites were determined. In addi-
effluent concentration equaled the influent concentration, thetion, formation constants were also estimated by analyzing
sample flow was stopped. Ammonium acetate was passedhe early time baseline region of &dbreakthrough curves
through the column and emptied into waste fat0s (i.e., in the absence of EDTA on both polymers using ICP-MS.
0.16 mL) to remove the remaining metal-containing solu- The improved sensitivity of the ICP-MS permits detection
tion from the lines and the column dead volume. The metals of the small amounts of Cd exiting the column even in
were stripped from the column by flowing 0.1 M HNGor the initial stages of flow when strong binding sites would
5min at 1 mL/min through the column and collecting the still be available.
effluent in a 25 mL volumetric flask for subsequent analy-
sis by FAA. Although it has been shown in previous stud- 2.6. Mixed metal solution binding studies
ies that the metals are stripped from the column in only a
few hundred microliters of acifb], 5mL ensured complete Breakthrough analysis was conducted in the same man-
removal as well as provided sufficient volume at a reason- ner outlined above, except that a single solution containing
able concentration to permit FAA analysis of the solution 10 ppm each of G, Ci?+, Ni%t, and PB* in 0.05M am-
using the conventional nebulizer. The strip solution was not monium acetate (pH 7.0) was passed through the column
analyzed by direct transfer from the column to the FAA be- and the concentration of each of the metals in the effluent
cause the relatively rapid release of metals from the columnwas monitored sequentially using FAA spectrophotometer.
produced a solution plug whose metal concentration greatly Strip solutions were also analyzed by FAA spectrophotome-
exceeded the dynamic range of the detection system. Break+er for verification of bound metal. This procedure was fol-
through curves and strip solution data were analyzed for lowed on both the PLAsp-CPG column and the PLGIu-CPG
each of the target cations (€d Co?*, CU*, Mn?t, Na*, column and all metal-binding experiments were performed
Ni%*, and PB*), resulting in a relative binding capacity for in duplicate on both columns.
each of the metals. This procedure was followed on both
the PLAsp-CPG column and the PLGIu-CPG column. All
metal-binding experiments were performed in triplicate on 3. Results and discussion
both columns.

In selected studies, where the ICP-MS was employed be-3.1. Elemental analysis
cause of its lower limits of detection, the same procedure

described above was employed. Elemental combustion analysis yielded a %C of 3#14
0.21 for the precursor gluteraldehyde functionalized CPG,
2.5. Evaluation of stability constants 1.84+ 0.26 for the PLAsp-CPG, and 2.3B 0.26 for the

PLGIu-CPG. This corresponds to a surface coverage of 1.40

Stability constants on both PLAsp and PLGIlu were de- (£0.10) x 10" gluteraldehyde residues/énof CPG, as-
termined using C#. The on-column method of determin-  suming a surface area of 94fg of CPG (Sigma). Due to the
ing stability constants has been previously descrilie8]. variability and uncertainty associated with the chain length
Determination ofK; of the stronger sites was attempted of the PLAsp and PLGIu, no speculation was made as to
by equilibrating the PLAsp-CPG or the PLGIu-CPG with the polymer coverage and results will be reported only as
known excess concentrations of EDTA and?€dwhich amino acid residues/g of support. Using the %C obtained
lowered the free Ctt concentration and should permit eval- from the elemental combustion analysis, the PLAsp cover-
uations without generating concerns about the loss 8fCd age was determined to be 2.45Q.35) x 10'“ aspartic acid
to the container walls because of the metal buffer provided residues/crh of CPG and the PLGlu coverage was deter-
by the Cd—EDTA system. The stability constants foP€d  mined to be 2.4940.28) x 10 glutamic acid residues/cm
and EDTA are well documented, and binding characteristics of CPG. The statistically indistinguishable coverages of the
of Cd?* for PLAsp and PLGIu are experimentally measured two polymers to the CPG allow a direct comparison of metal
in this study. In brief, an analytical solution of a fixed vol- capacities to be made between these two systems without
ume (25 mL), containing a known concentration of standard- correcting for differences in coverage.
ized EDTA and a known concentration of €din 0.05M
ammonium acetate at pH 7.0 was continuously recirculated 3.2. Metal-binding characteristics of PLAsp-CPG and
through the columns for 18 h in order to ensure establishmentPLGlu-CPG
of equilibrium of mobile and bound phases. The concentra-
tion of the metal remaining in the solution and the amountof  The PLAsp-CPG and PLGIu-CPG column capacities and
metal that was bound to the column were then determined, breakthrough curves were obtained for’€dCc?*, CUAt,
which permitted determination of bound and free concen- Mn?t, Nat, Ni%t, and PB* using separate 10 ppm influ-
trations. From knowledge of the equilibrium constant of the ent solutions of the metal in 0.05 M ammonium acetate at
Cd—EDTA complex and the initial and final €dconcentra- pH 7.0. The influent was pumped through the column at
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Fig. 2. Breakthrough curves on PLAsp-CPG and PLGlu-CPG for (& Gnd (b) Cd*. All solutions were 10 ppm in the respective metal and 0.05M
ammonium acetate; pH 7.0.

1.0 mL/min and the metal concentration in the effluent was of PLAsp and PLGIlu because the immobilized polymer is
measured by FIAS-FAA as a function of influent volume. the main component of metal-binding.
Representative breakthrough curves are showirign 2 Studies using NMR and polarography have been con-
The early-time, flat baseline region present on the curves isducted to elucidate the specific metal-ligand interaction of
indicative of strong metal-binding. The sloped regions rep- these polymer$15-18] In each of these studies the main
resent the weaker metal-binding sites. By integrating the metal-binding functionality is shown to be the carboxylate
breakthrough curve, the total amount of metal retained on side chain. As a result, all of the current metal-binding stud-
the column can be determined. These values are validatedes were conducted at pH 7.0, which is significantly above
using the results from the stripped solutions. Since the break-the K5 values for the carboxylate side chain on PLAsp and
through and strip data were in good agreement, the capacLGlu, which are reported to be approximately 5.4 and 4.4,
ities calculated from breakthrough data and from strip data respectively[2,5,14,16,19,20]With pH > pKy maximum
were averagedb,7]. Table 1contains a summary of the binding could occur since the side chain carboxylates are
metal-binding results for PLAsp-CPG and PLGIu-CPG. As completely deprotonated and the chains are fully extended
seen in these data, PLAsp-CPG and PLGIu-CPG have simi-[7].
lar capacities for all the metals evaluated and follow a sim-  Structural determination has shown that PLGlu under-
ilar metal-binding trend (CGf > PRt > Ni¢t ~ Cd*t > goes a helix-to-coil transition as the pH increases, most
Cc?t > Mn?t > Na') as that reported by Gulumian et al. likely due to the deprotonation of the carboxylic acid groups
[13] for negative oxygen donors, such as carboxylates, in [19—29] Studies of this helix-to-coil conformational change
biological systems. It is also in good agreement with pre- have also considered the effects of polymer concentration
vious work on immobilized PLAs5,7], and on glutamic [30], time [31], size of cations in solutiof82], salt concen-
acid-bonded silicg14]. tration and ionic strengtf23,33-35] and the presence of

It has been shown previously that residual functionalities specific cations in solutiofi5,18,36—48] Most of the stud-
from each step of the immobilization procedure do not con- ies conducted in the presence of various metals agree that
tribute significantly to the metal-binding capacity of these the metal ions have a significant effect on the conformation
systemd5,12]. Therefore, this study is a direct comparison of PLGIu. More specifically, the metal-PLGlu interaction
shifts the helix-to-coil transition to a higher pH.

Similarly, poly(-L-Asp) also undergoes a helix-to-coil

Table 1
Metal-binding capacities on PLAsp-CPG and PLGIu-CPG columns de- transition[49-51] It also exists as a compact helix at low pH
termined from breakthrough curves and strip data values but is present as an extended random coil at higher
Metal ion Capacity gmollg CPG) Capacity smol/g CPG) pH values. The conformation change occurs in both of these
on PLAsp-CPG on PLGIu-CPG polymers because at low pH values the H-bonds between
Cl2t 141+ 1.3 13.94 1.1 the amide and carboxylate groups of the biopolymer stabi-
PR+ 6.1+ 0.2 6.8+ 0.2 lize the helix and as the pH increases the carboxylates be-
NiZ+ 26+02 2.7+ 04 come charged, resulting in a strong electrostatic repulsion
Ceb* 22+03 27+03 that destabilizes the helif21,52] Although, it has been
Co?+ 1.91+ 0.05 1.99+ 0.06 ) . . . .
Mn2+ 17401 1594 0.01 shown that in some instances the helix forming ability of
Na* 0.34+ 0.09 0.39+ 0.08 PLAsp may be less that of PLG[@6], Saudek and cowork-

pH 7.0, flow rate= 1 mL/min of 10ppm influent solutions, triplicate ers [49_51] suggest that this is due to a low helix formlng

measurements. Uncertainties expressed as sample standard deviationé,lblllty of the B for.m of PLAsp. It_ has also been Su_ggeSted
reflect measurement uncertainties only. that the lack of evidence of a helical form of PLAsp is due to
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PLAsp forming a helix at a lower degree of ionization where PLAsp-CPG and PLGIu-CPG were estimated using the

it also precipitates very quickIfp0]. This may also be the relationship inEq. (1)

due to the fact that the carboxylate side chains of PLAsp are N

shorter than those of PLGIu, resulting in a stronger electro- CdL+X = CaX+L @)

static repulsion between the ionized carboxyl§ss53] In where X is PLAsp or PLGlu and L is EDTA (). The

other words, it takes a lesser degree of ionization in PLASp conditional stability constant for CdY (1.15 x 10'%) was

than in PLGIlu to cause the same amount of repulsion. Ad- based on a literature val(jig5].

ditionally, it has been shown that due to a decrease in the Previous studies have used Scatchard analysis to esti-

hydrophobic interactions, which stabilizes the helix, the he- mate conditional stability constants for metal-binding by

lix forming ability of certain polymers decreases with a de- poly-L-cysteine[3,10]. The Scatchard function is used to

crease in the number of GHyroups in the side chaif0]. determine conditional stability constants by the following

In short, these studies show that PLGlu and PLAsp undergoexpression:

similar, but not identical, conformational changes. [CdX]
In addition to determining absolute capacities of the ——=

polymer functionalized CPG for various metals, these [Cd]

= Ki(n; — [CdX;]) 2

metal-binding studies provide information regarding the
metal-binding efficiency of the polymer chains when cou-
pled with the polymer coverage data, calculated from the
%C determined by elemental combustion analysis. The

where [CdX] (asmol/g resin) is the number of complexed

sites of typd, n; is the total concentration (aemol/g resin)

of typei sites, and; is the stability constant for thi¢h site.
However, it has previously been shown that PLAsp func-

manufacturer (Sigma) determined the degree of polymer-tionalized silica is capable of binding both cations and an-
ization of PLAsp by viscosity to be-80 and by multiangle  ions [56], and this analysis fails to consider the possibil-
laser light scattering (MALLS) to be-53. For PLGIu the ity that a negatively charged CdY complex may bind to
degree of polymerization determined by viscosity~i32 residual amine functionalities on the surface that remain af-
and by low angle laser light scattering (LALLS) it 1838. ter immobilization of the polymer chains to the CPG. If the
This range in the degree of polymerization for both poly- CdY2~ complex binds to the support, tlapparent amount
mers was used in the error analysis and, when neededpof bound Cd* will be higher since some of the complexed
propagated as the standard deviation of the mean. BasedCd is present as the CdY species. As a result, the calcu-
on a degree of polymerization of PLAsp of 53-80 residues lated formation constant of PLAsp and PLGIlu to’Cdn
(Sigma) and a Ci capacity of 14.1+ 1.3umol Cl#t/g the presence of EDTA is artificially high and the resulting
CPG for PLAsp-CPG, the number of &uatoms bound calculated value foK can be considered the upper limit.
per chain was determined to be 2t40.6 C/#*/chain (or In order to determine the range of the actual formation
27.2+ 2.5 aspartic acid residues/8ubound). The degree  constant, a minimum value df was determined through
of polymerization for PLGIu is 38-72 residues (Sigma), analysis of the baseline region of theZdwithout EDTA)
and with a Cé&* capacity of 13.9 1.1pumol Ci#t/g CPG, breakthrough curves using ICP-MS. The detection limit of
PLGIu-CPG binds 2.0+ 0.7 C#t/chain (or 28.0+ 2.2 the ICP-MS for Cd* was determined to be 0.66 ppb. Since
glutamic acid residues/Gt bound). It is obvious from the  Cd was still not detected during the flat baseline region of
large residue-to-metal ratios that the polymers have a largethe breakthrough curve using the ICP-MS, the freé‘Cid
number of unused carboxylate binding functionalities that the solution exiting the column must be less than 0.66 ppb.
are probably not involved in coordinating the metal cations. Substituting this information into the equilibrium expression
Since it is reasonable to assume that the polymers wrapresults in the determination df > 2.0 x 10° for both
around the metal to achieve the necessary tertiary structuregpolymers. Thus, the calculated stability constants and site
to bind the metal[54]; the binding similarities between capacities for PLAsp and PLGlu are 2:0 108 < K <
PLAsp and PLGlu suggest that any differences in the chain 3.8 0.5) x 103, n = 0.22 &0.04) umol/g and 2.0x
flexibility, pK, values or steric hindrance is negligible in  10° < K < 3.2 1.0) x 10'3, n = 0.19 ¢0.08) umol/g,
this application. respectively. These results indicate that PLAsp and PLGIlu
may bind similar amounts of the Cd—EDTA complex and
have the same number of sites and therefore bind equal
amounts of free C&t. This demonstrates that both polymers
As mentioned previously, the flat baseline region present have similar binding capabilities for €.
on the breakthrough curves seenFiy. 2 is indicative of It is interesting to note that Lumb and Mart§d7] po-
strong metal-binding and the sloped regions represent thetentiometrically determined the chelate stability constants
weaker metal-binding sites. Binding studies using EDTA (logK) for Cd—Asp and Cd-Glu to be 4.3% (= 25,000)

3.3. Evaluation of conditional stability constants

in solution to limit the free C#it concentration were used
for the determination and calculation of the free2€dn
solution and the amount of metal bound to the PLAsp
and the PLGIlu. Formation constants for %dbinding to

and 3.9 K = 7900), respectively, for the homogeneous so-
lution containing the metal and amino acid monomers. With
the free amino acids in solution there exists an additional
carboxylate functionality at one terminus for each residue



=
[(e]
N

L. Malachowski, J.A. Holcombe/ Analytica Chimica Acta 517 (2004) 187-193

) S
= (b)
g g 12 -
Q. 1
& &
= = 10y
o
o) 9 3 2 3
g =
s s
= = 6
o S 4
5} Q
) QO 4
: g
o c 2
O O %7
5 [} T T 1
= 2 0 5 10 15 20
= =
2|
m m

Influent Volume (mL) Influent Volume (mL)

Fig. 3. Breakthrough curves on (a) PLAsp-CPG and (b) PLGIu-CPG from a multi-metal solution containing 10 ppm each &f (1R, (3)
Ni2t, and (4) PB* in 0.05M ammonium acetate; pH 7.0.

and an available amine functionality at the other terminus. in the mixed metal solution is approximately 20% larger
In fact, they suggest a metal-binding complex that utilizes than that found for the solution containing only &u This
both the carboxylate and amine termini on each amino acid is consistent with the idea that these polymers have no pre-

residue. determined binding “cavity”, unlike nature’s metal-binding
proteins or traditional metal chelators, such as EDTA or
3.4. Mixed metal solution binding studies crown ethers. These relatively short homopolymers appear

capable of adopting a different tertiary structure in the pres-

To determine how the column capacity for a specific metal €nce of various metals, or a multi-metal solution. It may even
is affected by the presence of other metals, a multi-metal be suggested that the formation of one metal-binding cav-
solution was passed through the column; and breakthroughity may instill cooperative binding to improve the likelihood
and strip analyses were conducted. The solution that wasOf another metal-binding through the new tertiary structure
passed through the column contained 10 ppm each of Cd Dby altering the proximity of adjacent ligands in a favorable
CW?*, Ni%t, and PB* in pH 7.0, 0.05M ammonium ac- fashion for additional metals to bind. It is also important to
etate.Fig. 3 contains an example of the multi-metal break- hote the maxima of-12 ppm in the Cé" and NF* curves
through curves on PLAsp-CPG and PLGIu-CPG. The cal- is higher than the influent concentration of 10 pifig( 3.
culated capacities can be seerTable 2 Once again, these Initially, when all of the sites are free, all of the metals begin
values represent flow data and true equilibrium has likely to bind. Due to the selectivity sequence of carboxylate lig-
not been achieved. As the data indicate, the binding selectiv-ands, as the free sites become limited thé'Cand PB*+ are
ity is consistent with that determined through single metal able to displace the Gt and N#*. This supports the idea
studies and also with that previously published for carboxy- that the strong binding sites for €uand PB* are stronger
late ligands[13]. The capacities were in the order Bu> than the strong sites for €d and NFt. Hence, the peaks
PR+ > Ni2+ > C*. While the calculated capacities for in Fig. 3for Cd?™ and NP+ at approximately 3 mL of in-
each metal in the multi-metal solution were lower than the fluent volume. Once Gd and N+ are displaced by Cir
capacities determined for each metal individually, the total and PB™, their concentrations level off at 10 ppm, i.e., no
metal-binding capacity using the mixed metals solution is additional net binding of these metals. Ritchie et al. have
greater than the capacity for &uwhen run alone. (Gif is previously reported similar results on PLGlu with4dand
cited since it showed the greatest individual capacity of the PE*t [8].
metals tested.) Specifically, the total amount of metal bound

4. Conclusions

Table 2
zllollJlIJt;]rzstal solution binding capacities on PLAsp-CPG and PLGIu-CPG This study showed that PLASP-CPG and PLGIU-CPG had
Metal ion Capacity jgmol/g CPG) Capacity (mol/g CPG) very similar metal-blndmg charaqterlstlc_s despite the extra
on PLASp-CPG on PLGIL-CPG methyl group in the carboxylate side chain of PLGlu. These
Cir 130+ 1.2 1184 21 polymers are unlike nature’s metal-binding proteins that
PR+ 40+ 03 43+ 08 have a predetermined tertiary structure for metal-binding.
N+ 12+ 0.1 0.9+ 0.1 As a result, in a protein, the substitution of an Asp for a
Cd* 05+01 0.75+ 0.04 Glu, or vice versa, may cause a significant change in the

10ppm Cd*, Ci?*, Niz+, and PB* in 0.05M ammonium acetate in-  Metal-binding capabilities as might be suggested, for exam-
fluent, pH 7.0, flow rate= 1 mL/min, triplicate measurements. ple, by the results of Jablonski and Morr¢s8].
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Metal-binding experiments on PLAsp-CPG and PLGIlu-CP@L6] N. Imai, J.A. Marinsky, Macromolecules 13 (1980) 275.
demonstrated that both polymers are effective metal cation[17] K. Hikichi, H. Tanaka, A. Konno, Polym. J. 22 (1990) 103.

chelators and exhibit similar binding selectivity for the met-

[18] T. Kurotu, Inorg. Chim. Acta 191 (1992) 141.
[19] D.S. Olander, A. Holtzer, J. Am. Chem. Soc. 90 (1968) 4549.

als tested. Both polymers possess a metal-binding trend ofj20; 5. paoletti, et al., Biophys. Chem. 34 (1989) 301.

CWt > Pt > Nit ~ Ct > C*t > Mn?+ > NaT,
with a maximum capacity for Cd at ~14umol/g CPG.
Mixed metal studies clearly demonstrated the improved
selectivity of C¢*+ and PB* over C#t and Nt for both
polymers by showing that Gt and PB* were able to
displace bound Cd and N#*+ from the columns.

In general, these polymers behaved very similarly in all

of the studies conducted, and should be equally suitable forl27] A

trace metal preconcentration and remediation from natural
and industrial waste streams.
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